The evolutionary sequence of galactic organic matter --+ amino acids --+ informational protoprotein --+ protocell --+ (nucleic acid-governed) contemporary cell is reviewed, and the supporting evidence is presented in outline.
INTRODUCTION
During the past few decades, the thesis that molecules underwent selection processes prior to the first reproducing organisms has gained wide acceptance1. In this paper experiments and interpretations are discussed that explain a continuous modulation of precellular chemistry to the first reproducing organisms-those first organisms which Darwin's theory of the origin of species left unexplainedt.
The results from the experiments indicate that total continuity was not achieved by a sudden modulation from chemical phenomena to contemporary biological structures. Rather, two key connecting links were a first informational protein 2 and an intermediate stage of a minimal celP, i.e. a protocell 2 or precontemporary cell. The sequence: amino acids -+ proto- protein -precontemporary cells (protocells = minimal cells) -contemporary (nucleic-acid coded) cells was possible because of the high geological likelihood of self-assembly of protein-like molecules (proteinoids), as demonstrated in the laboratory. No prior cell was necessary to produce such protein-like molecules; they could have arisen as the result of purely geophysical processes. Their assembly to cell-like units is triggered by water; thc need for water to produce the first cells would have been as total as is the need for water to maintain contemporary cells.
In the construction of the theory, a knowledge of contemporary cells was necessary in ordcr to identify associated properties for which the origin had to be explained. That knowledge was needed also in finding clucs for the design of experiments to simulate geochcmical occurrenccs. However, knowledgc of the contemporary cell can be overwhelming and confusing.
What we have known about the contemporary cell has come to us as the result of disassembling such systcms. When disassembly is the mode of study, a number of cellular functions disappear simultaneously. A key qucstion for the origin of cells, however, is that of the sequence of appearance of special propertics in the cellular system. Thc order of emergence of these propertics could not have been predicted solely from knowing the components of the cell. The experiments indicate that what was required was the assembly of micromolecules -macromolecules -cellular structure, in that order and in the same direction as the process of evolution and the synthetic processes themselves. In the course of such assembly in the laboratory, cmergent properties and thc order of their appearance can be identified.
REQUIREMENTS FOR THEORETICAL PROGRESS
Progress in understanding macromolecular and ce11t!lar origins has been possible especially because of attention to the favourable thermodynamics of open systems and to the unfavourable thermodynamics of dilute aqueous solution in the formation of polymers 4 . Contemporary organisms, like the geochemical realm, function as open systems 5 • They appear also to have evolved, and to have avoided the degradative effects of dilute aqueous solution on the molecules they contain 1 . These thermodynamic considerations, moreover, apply also to micromolecules 6 • The geological relevance, in fact, of many of the reported preparations of small molecules is open to serious question 1 • Review of the total set of experiments and principles in this area emphasizes that polymerization and the formation of spherules are high-yield processes (up to ()() per cent). whereas the production of small molecules, usually employing violent forms of energy 1 , seldom exceeds 0·1 per cent.
The experimental studies that have yielded a model for the origin of protein and of the cell therefrom, had their roots in protein systematics 7 • Studies of composition in organismic protein provided a clue to circumstances necessary for the origin of the first protein, and for model experiments. That clue, consisting of a somewhat disproportionate content of non-neutral amino acids 8 , was necessary to permit the visualization of a reversal of thc 642 negative outlook left to us by the indications derived from the work by Carothers on the nylons 9 • Carothers 9 analyzed the valuable properties of high polymers in the living state as those of strength, elasticity, toughness, pliability, hardness, and the capacity to grow. He also, however, emphasized that the effect of heat upon cx-amino acids was primarily that of forming cyclic molecules instead of linear polymers. Accordingly, in producing the silk-like nylons, he condensed m-amino acids, not cx-amino acids 10 • The fact that cyclization and decomposition in heated ~-amino acids could he overcome hy including sufficient non-neutral amino acid 1 • 8 is the clue that emerged from studies of protein systematics 8 . When this clue becamc a working experimental hypothesis, the design of experiments became chemical except for a pervading undertone of biochemical recapitulation 7 • In understanding the origins of protein as a heteropoly-cx-amino acid, we first consider how cx-amino acids came into existence. Thirty-four years of experiments on chemical protobiogcnesis have provided only one process that explains the origin of protein under geologically relevant conditions. Nevertheless, numerous models for the prebiotic production of amino acids have been advanced since 1953.
POLYATOMIC MOLECULES IN THE GALAXY
Nearly al1 the reports on the production of amino acids have assumed one or another prebiotic atmosphere, mostly highly reducing in character 1970  1963  1971  1969  1968  1937  1937  1938  1970  1971  1971  1971  1969  1971  1971  1971  1971  1970  1971  1971  1971  1971  1971 In the past few years, our understanding of the availability of raw matcrials has been revolutionized by the findings of the astrophysicists. The many organic polyatomic molecules shown tobe present in the Galaxy are included in the Iist in Table 1 11 .
Formaldehyde is believed to be the most abundant of these molecules, although the recognized cosmic raw material is mainly hydrogen. Under equilibrium conditions, reactions of the two would have converted formaldehyde to methane. But the Galaxy is not at equilibrium. During physical condensation, the more fugacious hydrogen would tend to escape. lts retention in Iabaratory experiments (up to 75 per cent H 2 12 ) can be managed by the use of closed flasks which are not, however, matched by conditions in the Galaxy nor at the surface of the Earth. The new knowledge of the compounds abundant in the Galaxy plus awareness that the extraterrestrial realm is an open system providcs a factual platform from which to refine concepts of origins of amino acids.
AMINO ACIDS FROM GALACTIC MOLECULES
After formaldehyde and ammonia were found to be abundant galactic compounds, we investigated their interaction and the hydrolysis of the product in open glassware 13 . The results are shown in Table 2 . A family of amino acids was produced. Since members of the family are aspartic acid, glutamic acid, and glycine, all components of the mixture were capable of In cxpcnmcnt I, a 1 :I ratio of 37 per ccnt formaldehyde and 211 per cent ammonia was used; in experiment5 3 to 5 a 1 :I ratio was used. The results areexpressedas mole ratios in per cent.
and werc calculated without ammonia and without hexamethylenetetramine. which is the most ahundant product.
being copolymerized 1 • Pyrocondensation of amino acids in such a mixture has, in fact, recently been reported by Saunders and Rohlfing
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. The participation of formaldehyde and ammonia meets the requirement for open system~ since these two in tcrmcdiates are rcadily convcrtcd to solid hexa-644 MOLECULAR EVOLUTION TO CELLS methylenetetramine, which is in turn convertible to solid amino acids by hydro Iysis 13 · 15 . Reactive mixtures of gases relying upon inclusion of diatornie hydrogen terrestrially 16 are not, however, conceptually favourable.
Although many questions remain to be answered, we observe that amino acids can be produced under widespread geophysical conditions from organic reactants which certainly exist in abundance and, with almost equal certainty, have existed in abundance. These amino acids are, however, produced partly from unknown chemical precursors (in addition to hexamethylenetetramine13· 15 ) by hydrolysis. The possibility of hydrolysis however poses no difficulty since water is geologically abundant.
AMINO ACIDS FROM LUNAR DUST
Evidence for direct precursors of amino acids on other bodies of the Solar System has been obtained since 1969. Hydrolysis of aqueous extracts of lunar dust from eight collections from Apollo 11, 12, 14 and 15 have yielded a common pattern of amino acids ( Table 3 ). The amino acids are present in the hydrolyzates at Ievels of 20--70 ppb. Such findings conform to a model of a baked-out Moon, into the surface of which were implanted reactant compounds from the solar wind, interstellar matter, meteorites, or comets 17 .
Larger amounts of almost the same set of amino acid precursors, measured as amino acids, have been found in meteorites by application of the methods of extraction which we first applied to lunar dust 18 • Although our understanding of the origin of amino acids is not on a rigorous basis, we can hardly doubt that the easily converted precursors of these compounds have existed in some abundance on Earth prior to living systems. The conversion of amino acids or their immediate molecular precursors to protein-like polymers and of the latter to cell-like microsystems is on a firm basis, if we assume the earlier availability of amino acids. The conditions for the conversions from amino acids in the laboratory are relatively widespread on the contemporary Earth.
One new emphasis that has emerged, in part from the lunar studies, isthat amino acids are evolutionarily significant as intermediates. transitory intermediates. This vicw is related to the thcrmodynamic fact that stability of any one compound is relative to somc other compound(s). Amino acids seem not to bc as abundant as amino acid polymers. In living systems, this relationship is a consequence of nonequilibrium conditions, a situation that now appears to be partially analogous to what obtains geologically. We have long known that organisms are characterized by amino acid polymers (proteins) and by continuously generated biosynthetic precursors, whereas the concentration of free amino acids in organismic fluids is virtually always very low 19 . A corollary statement is that both the cosmochemical and organismic states are highly dynamic; they are not the static situations they are often assumed to be. Free amino acids are stable in bottles in the dry state, and at temperatures below those required for thermal activation. Outside bottles, amino acids are found predominantly as precursors or as polymers, in either the cosmochemical or the organismic realm.
An additional significance of the availability of amino acids as hydrolyzablc precursors is the judgment that the early evolutionary compounds were protected, which would not have been the case for free amino acids exposed to destructive influences. The lunar findings may thus have proved to be crucial to our understanding of the molecular basis for the first proteins in the Solar System.
POLYMERIZATION OF rx-AMINO ACIDS
As stated earlier, Cl-amino acids can be polymerized by heat if they arenot the set of neutral Cl-amino acids alone. The neutral type does smoothly copolymerize with the acidic or basic et-amino acids. This is the finding that especially extends our understanding from where Carothers left it.
Among the polymers, natural or synthetic, the proteins stand out for the large number of types of monomer that they contain-typically twenty. The experiments in simulation of prebiotic events yield typically families of the proteinaus amino acids. Twenty have not, so far, been demonstrated to be the result of any single Iabaratory synthesis, but ten or twelve Cl-amino acids have been obtained 
NONRANDOMNESS IN THERMAL POLYAMINO ACIDS
In the laboratories that have reported performing such pyrocondensations, evidence has accumulated that the polymers are nonrandom, as judged by a number of criteria. A limited variety of sequences occur, presumably as a manifestation of the specific interaction rates of the individual amino acids in their initial reactions. According to our view of the situation, a further influence leading to erdering is the tendency for the polymer, while yet at elevated temperature, to undergo chemical transpeptidation toward the thermodynamically most stable sequence.
The evidence for such erdering is now ofmany kinds (Table4). Compositions of the reaction mixtures differ from those of the corresponding polymers, sequences within the polymersarenot random, and the polymers are sharply limited in their heterogeneity according to a number of criteria 2 • An especially striking example of near-homogeneity is found in the haemoproteinoid prepared by Dose and Zaki 22 . In this synthesis, Dose and Zaki heated haeme with twenty amino acids. They obtained a haemoproteinoid of mean molecular weight 18 000. The polymer had substantial peroxidatic activity, but less catalytic_ activity than the equivalent amount of haeme. The degree of heterogeneity is revealed in Figure 1 . A disc-gel chromategram of human serum albumin under the same conditions is also seen in the Figure. The heterogeneity of the haemoproteinoid, as determined by this criterion, is thus much less than for blood albumins. One salient inference isthat ordering at this stage did not require prior nucleic acid. The information for the ordering is in the diversity of the amino acids, that is, the amino acids contain a more primitive kind of information than in the polymer. The degree of ordering from this source was not predicted. The question has been raised whether the single band indicates a single macro- Table 4 . Evidence for self-ordering in the condensation of amino acids Fox and Nakashima (1966) Fox and Nakashima (1967) Usdin. Mitz and Killos ( 1968) Dose and Zaki ( 1971) Fox, Winitz and Pettinga (1954) Steinman (Calvin) (1967) molecule, a circumstance which would have been terminal for evolution 23 • In Dose's study and in another one by Nakashima and Fox 24 , the macromolecules which are operationally single on disc-gel electrophoresis can be fractionated into several peaks on DEAE-cellulose columns.
All the evidence ( Table 4 ) emphasizes that a kind of non-Darwinian selection occurs, and undoubtedly occurred, at the molecular Ievel.
ENZYMIC ACTIVITY IN PROTEINOIDS
The existence of enzymes has been believed to require nonrandom sequences, as weil as other complexities 25 guide it, has been a major question. This question had no disciplined answer until the informational input of the reactant amino acids was rccognized expcrimentally The answer to this question is that what was necessary was diverse amino acids and appropriate geophysical conditions to polymerize them to proteinoids2. The studies of catalytic activity in proteinoid are now from a sufficient number oflaboratories that the results are best presented in summary form ( Table 5 ). The specificities observed are a direct kind of evidence that the proteinoid contains information·;·.
·;· Information in-this paper connotes capa_c_it_y--:fo_r_s~-e-:-le-c--,-tiv_e_i_n-te-ra-c-ti_o_n_of one molecule or systcm with others. While not all primordial metabolism has been explained by the specificities catalogued, and we cannot expect that they will or should be 30 , the principle for the origin of the component reactions of metabolism is laid down.
The catalytic activities found are independent of the fact that the proteinoids are composed of mixed L and o amino acids (when made from L amino acids, although the L forms tend to predominate 27 ) . Such results recmphasize the significance of the three-dimensional juxtaposition of relevant amino-acid side chains, which can accordingly be independent of unique sequences or of a need for only L residues. This interpretation is consistent with the inferences from the finding that thermal polymers of amino acids possessing appropriate side chains have hormonal (MSH) activity 31 • 32 .
HORMONAL ACTIVITY IN PROTEINOIDS
Bagnara and Hadley 32 have shown that the MSH activity of the synthetic polymer is inhibited by norepinephrine as is the natural hormone; they are deinhibited by a common rcagent. Thermal condensation could thus conceptually have yielded both enzymes and hormones, each significant to metabolism.
U nderstanding of the early evolution of metabolic activity of the protocell is aided by our recognition, through experiment, of the abilities of supramacromolecular proteinoid systems to join 33 , to communicate 33 , and to reproduce 34 . From these observations emerges the inference that daughter systems could have inherited lengthened metabolic pathways 33 .
THE FORMATION OF MINIMAL CELLS
How microscopic cell-like structures first appeared is undoubtedly one of the two most fundamental contributions of the experiments to our understanding of the origin of life. The process producing cell-like replicating microunits (Figure 2 ) from self-ordered molecules is the simplest of operations, in contrast to general expectations 35 . All that is necessary is a triggering by water of assembly of heteropolyamino acids 3 . Mere contact suffices, although the cooling of a bot solution is experimentally preferable. The process must have occurred frequently as well as rapidly on this planet whenever protoprotein appeared-due to the geological ubiquity of water. This fact appears to be of crucial significance for inferring the order of events in the origin of life.
The problern of the organization of a unit as complex as a cell has received the attention of a number of investigators. Oparin, who is responsible for the modern naturalistic view on the origin of life, has devoted almost the whole of bis experimental efforts to understanding the origin of the cell 36 . The model with which he has worked is the coacervate droplet (Figure 2 ). Oparin has essentially micro-encapsulated evolved enzymes in such units, and has demonstrated that the enzymic reactions proceed many times as fast within the boundaries as in the surrounding fluid. The coacervate droplet concen-
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Fiqure 2. Coacervatc droplets, as produced by A. I. Oparin and colleagues (T. Evreinova).
Produccd from gelatin, gum arabic, and RNA (Original x 320. reduccd by !l trates materials 36 . Dcfects of the coacervate droplet as a model are instability, a Iack of uniformity (Figure 2) , and especially the fact that these units are made from polymers obtained from evolved cells. Since they are produced from contemporary cells, they do not answer the basic question of how the first cells came into existence when there were no cells to produce the polymers from which they could have arisen 2 . This question is answered by the proteinoid microspheres. In addition, the microspheres areuniform in size, including those in the second generation ( Figure 3 ). All that is or was necessary for production of such proteinoid microspheres was the triggering of a self-assembly of appropriate polymer by water. The appropriate type of polymer has proved to be a fairly wide range of thermal copolyamino acids 3 7 . The process is one of very high efficiency. It also provides insight into the order of events in the origin of the first Iiving system, as earlier mentioned.
Since the process occurs with such great ease, and sincc water must have been ubiquitous on the early Earth, the opportunity for the appearance of a minimal cell must have been almost as great as the opportunity for the appearance of protoprotein, from which that minimal cell would have arisen easily and often. The molecular logic of this situation is such that other structures, such as nucleic acid. would have appeared at a later stage The significance oftbis view rests upon recognition of the logic that a minimal cell would have first arisen and then have evolved to a much more contemporary celP. The initial appearance of a proteinoid microsystem was thus the first of a series of saltatory changes in cellular evolution. The uniformity in size of the microspheres produced from proteinoid is illustrated in Figure 4 . They can be made into a very stable form or into a considerably less stable type by the employment of crude proteinoid. The latter type appears to contain lipidlike material. Aside from the structure discernible in the optical microscope, the microspheres have an ultrastructure, revealed in thc electron microscope. A relatively solid type of microsphere, typically one third water, is illustrated in Figure 5 . The interior polymer diffuses through the boundary readily with very slight elevation of pH of suspensions of microparticles made from acidic proteinoid (Figure 6 ). Upon this treatment, one observes a double layer. The microspheres thus display ultrastructure of a kind which characterizes contemporary cells, although the double layer is not identical in size and detail to the present-day unit membrane 40 . 653 SIDNEY W. FOX .0 
EMERGENT PROPERTIES
Some properties that are found in systems at a higher Ievel of organization are properties which have first emerged at that higher Ievel. These properties are the kind which make the living system, for example, appear to be the complex entity that it is. Other properties that are found in the unit at the higher Ievel of organization are carried into it from a lower Ievel. In the case of proteinoid microspheres, this is true of a number of the catalytic activities. The activities identified in proteinoid are in some cases found in the microspheres. The first cell was, accordingly, already equipped with some enzyme specificities. A third dass of properties needs to be mentioned as weil. These are the properties that appear upon evolution, rather than upon initial assembly, and which were not uniformly discernible in the unevolved entity. The catalogued properties of proteinoid microsystems are presented in Table 6 .
In the present state of knowledge, the crucially significant emergent properties mentioned first could have been identified only by experiment.
ORIGIN AND EVOLUTION OF MET ABOLISM
Experiments suggest that an outstanding example of the kind of property appearing upon evolution is that of lengthened metabolic pathways. As further explained from the modes of reproduction described later in this paper, two microspheres, each having its own metabolic capabilities, could have joined to pool metabolic capabilities. Those pooled, or lengthened, abilities could then have been bequeathed to offspring. We can thus visualize at least three kinds of appearance of enzyme reaction sequences. One was the intrinsic type (Table 5 ), another might have been a kind which resulted from the assembly of catalytically active or inactive proteinoid subunits (Ref. 3, p. 777), and a third kind was the metabolic reaction sequences which resulted from lengthening due to reproductive activities of systems each of which possessed its own activities.
ORIGIN OF MEMBRANES
The proteinoid microsphere contains within it membraneaus layers. This has been demonstrated in at least two ways. In one of these, polymer from the interior diffuses through the membrane to the exterior, while the membrane itself remains as a double layer (Figure 6 ). In a second deinonstration, the microspheres have been made in the presence of monosaccharides and polysaccharides. Upon standard washing with water the monosaccharides are removed, and the polysaccharides are found to be retained. A third kind of evidence is that in which a kind of osmotic behaviour has been demonstrated41. All these types of evidence point to the existence of membraneaus functions in the microspheres.
MOLECULAR EVOLUTION TO CELLS
Tbc finding of membrane qualities in polymers has been familiar in industrial chemistry. A number of industrial polymers have 'permselective' qua1ities 42 • 43 . More recently, Singer and Nicolson 44 have pointed out that a wide variety of biopolymers serve as membranes. Against this background the finding of membraneaus qualities in the proteinoid microsphere is much less surprising than otherwise.
PROPERTIES OF MICROSPHERES OF A SEA-WATER TYPE
The properties identified have been noted and studied in microsphercs which have almost all been made from acidic proteinoid, as earlier described. These properties, while sufficient to permit the visualization of an cvolution toward morc contemporary cclls, have bad one feature which is not characteristic of most contemporary cells. The microspheres made from acidic proteinoid tend to dissolve at pH 6 and above. In a number of respects microsphcres which would be stable at higher pH, however, would have enhanced evolutionary potential. Dr. W. D. Snyder 45 has recently observed the production of such microspheres under conditions which makc them attractive in other ways as weiL He has heated all the common amino acids with the salts of sea-water in approximately equal amounts. The resultant sea-water microsphere from the sea-water proteinoid is stable to elevated pH including that of 0.1 N sodium hydroxide solution. The morphology is however altered in dilute alkali. Such microspheres, depicted in Figure 7 , Figure 7 . Sea-water microspheres. Theseare stable at pH 9. About 1 11m in diameter.
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could have arisen in lagoons. Conceptually, these particles would easily have been stable in the primitive ocean at any inferred stage of its history in either an acid ocean or a basic ocean 46 . The results add weight to the long heldbeliefthat life began in a marine, rather than a freshwater, environment. A special featureisthat one can now search for a simple model for the origin of internal synthesis of proteins and nucleic acids in microsystems which can talerate a pH as high as 9. In contemporary cells such pH ranges represent values which are necessary for some steps in the enzyme-controlled synthesis of proteins 47 and nucleic acids 48 .
The salient properties already discerned in microspheres from acidic proteinoid include ultrastructure, metahohe activity, membraneaus functions, and the ability to reproduce ( Table 6 ).
PRIMORDIAL MODES OF REPRODUCTION
The origin of five modes of reproduction in primordial cells has been suggested by experimental results from the proteinoid microsphere model. These five modes are summarized in Table 7 . The first, most thoroughly developed, and best known of these is that which involves the formation of buds, their separation, and their growth to the size of the parent. This cycle was reported in 1967 34 ; it has been treated in a biochemical context more recently 3 . The visualization of these phenomena through the optical microscope is presented in Figure 3 . This method of reproduction, as for the others of Table 7 , depends upon growth by accretion. Such a requirement makes of the protocell a heterotrophic body, and heterotrophism for the protocell has long been proposed by students of protobiogenesis 49 - 51 . Of relevance also is the modern emphasis on reproduction, in cantrast to 'self-reproduction.' As has been pointed out by Ashby 52 , 'no organism reproduces itself.' An organism can, in conjunction with the environment, produce a likeness of itself. Moreover, the likeness begins as a smaller entity, which then grows to the full size of the parent. This analysis of repro-duction fits either contemporary organisms or the proteinoid microsphere as a model for primordial cells, the latter reproducing in one of the ways presented here.
The process of binary fission is depicted for proteinoid microspheres by Figure 8 . The carrying through of two or more cycles in binary fission has not yet been developed for proteinoid microsystems as it has for the buddingand-growth cycle. In principle, however, the growth by accretion of the daughter particles ofa microsphere which has undergone binary fission should apply as well for this mode as for the growth of the buds which are released from budded microspheres. In both these modes of reproduction and in others, the fact is critical that the microspheres tend to grow to a very precisely controlled parental size and then stop. Indeed, one can visualize the appearance of buds on the basis that they represent new entities which had to appear as discrete individuals because the deposition of proteinoid heterotrophically on the parent had attained its maximum permissible size. The fact that the parent and the bud, albeit of exogenaus origin, are joined as firmly as they are would have been sufTicient for primordial maternaloffspring relationships 33 .
A third type of reproduction is represented by a model for sporulation. Models for spore-containing microspheres have been observed for a number of years; they are produced more easily in the presence of calcium 53 . As Figure 9 shows, these are subject to disruption and the dissemination of the spore-like particles which can then, presumably, as for the acidic type, accrete to the size of parents.
The fourth type of reproduction is that which we refer to as partuitive replication. This is illustrated in Figure 10 . Again, growth by accretion would have been essential. This type has been carried through three cycles.
In the fifth kind of reproduction one can visualize the origin of sexual reproduction 54 . This phenomenon involves the combination of endoparticles from two microspheres and the growth by accretion around the combined endoparticles (Figure 11 ).
The third and fifth methods of reproduction have in common the process of ejection of an endoparticle. They also represent communication through a packet of information-containing material. Such phenomena, in fact, serve as a model for the origin of intercellular and intergenerational communication. This relationship has been discussed in some detail elsewhere 33 . The connection is possible through the formation of junctions, a high-efficiency process (Fiqure 12).
In principle, any of the types of cycle can be repeated indefinitely. Continuation of reproducibility"i· appears to be simple since the preparation can be held in a dormant stage indefinitely. One population prepared for budding experimentswas maintained for several years before it became contaminated by wild growth on beingexposed. As with cuJtures ofcontemporaryorganisms, the model systems are prepared and handled aseptically to minimize growth of contaminating organisms. The reproduction observed is less efficient than, and is different from, that of contemporary organisms, owing to the fact that internal synthesis of macromolecules is absent. In either the model for the primitive cell or in the contemporary cell, however, the parent participates with the environment in the reproduction of its likeness, through an offspring of Jesser size.
ANSWERS TO QUESTIONS
The recognized characteristics of microspherical units assembled from proteinoid are now numerous. Thesesystemsare believed to possess a number of properties that have not yet been identified.
As a model, the systems and the fact that their emergence can occur under geologically relevant conditions, answers a number of fundamental questions for the firsttime acid pregenetic system was however present at the same moment that the protocells came into existence.
NATURAL SELECTION
The view that proteinoid microspheres could have evolved further may be examined by comparing their capacities to those required for natural selection. According to Lewontin 56 and others, natural selection requires (a) phenotypic variation, (b) correlation between parental phenotypes and phenotypes of offspring, and (c) different numbers of descendants from different parental phenotypes. The process of reproduction underlies (b) and (c). In a simple form, all the requirements are met in experiments in which two kinds of proteinoid microsphere undergo selection because one is soluble at pH 5 (acidic type) and the other (neutral type) is not. The one which remains stable under those conditions and can continue to reproduce by heterotrophic accretion is the surviving species. The dissolved type has suiTered extinction 56 . A more subtle type of selection experiment has been performed in the laboratory by the use of proteinoids of different composition, as prepared and studied by Hsu and Mejido 57 . As Figure 13 demonstrates, one kind of microparticle tends to accrete more efficiently with its own kind of proteinoid. In this way can be seen the faster generation of one type through differential rates of reproduction 58 and the origination of natural selection at an early period in evolution, before phenotype had evolved to a genotype~ phenotype complex.
The evolution of the protocell would have been realized up to the point at which internal synthesis of macromolecules entered the total evolutionary development. In order to contemporize the model for a primordial cell, internal mechanisms for macromolecular synthesis are necessary. Investigation of a laboratory model for the development of internal synthesis and the attendant code is incomplete 59 . A significant development was attained empirically with microparticles composed of basic proteinoid and homopolynucleotide. The homopolynucleotide influences the incorporation of amino acids from their adenylates in a codonic manner 59 ( Figure 14) . These microparticles are thus models for protoribosomes.
MOLECULAR EVOLUTION TO CELLS

SOME EXPERIMENTS RELATING CONTEMPORARY CELLS TO PROTOCELI.S
The models for protoribosomes have a number of properties of nucleoprotein organelies ( Table 8) . One notable, unpublished, feature of these models for protoribosomes is that their ability to incorporate amino acids lasts for only a few hours. This behaviour is of interest to compare with the loss of initiating capacity in cell-free contemporary ribosomes 60 . In contrast to the models for protoribosomes, the proteinoid microspheres have been found to be stable for years. Since, at this stage of the research, we are interested in inferring which structures and functions preceded others, we can deduce that protoribosomes would not have preceded the cell as a whole. Indeed the experiments suggest that the original ribosomes were produced 663
• Figure 13 . Natural selection illustrated by accretive growth araund compatible seeds, as a model for a budding cycle. 2:2:1 proteinoid (2:2:1) accretes weil araund 2:2:1 seeds or araund phenylalanine-rich proteinoid (phe) seeds. Phe does not accrete araund 2:2:1. Phe accretes poorly araund phe. In this microscopic view, 2:2:1 has accreted araund stained phe seeds. Phe has precipitated amorphously.
within a celL which was of such a composition that the protocell could have existed and remained for the necessary further natural experiments for indefinite periods of time. In the modern synthesis of protein, ribosomes function as parts of polysomes which are aggregated along the inner surfaces of ce11u1ar membrane 61 • The physical instability of the unprotected nucleo~ proteinoid microparticle and the relationship to the cell suggest that the cell had to prccede the first ribosomes. Experiments employing both modeJs are under way.
Incidenta11y, the appearance of the ribosome, as we know it, could have explained the origin of optical activity in one of the many plausible ways by which that question can now be answered 1 .
THE ENLARGED OVERVIEW
A relatively comprehensive picture for the origin of contemporary living systems from galactic organics is presented in Figure 15 . As one may see, the evolutionary progression here is one of simplicity to complexity. No discontinuities are discernible. The concept that a protoprotein preceded functionally a protonucleic acid is essential to this picture, and is consistent with views that have been expressed for many years regarding the later 664 MOLECULAR EVOLUTION TO CELLS Figure 150 Increasing complexity of organic compounds, starting with galactic reactantso Termination ofprebiotic molecular evolution on the Moon (above); continuation to replicating contemrforary cells (on right). The principal difference in the extent of the two pathways is determined by water. Contemporary cells, which contain nucleic acid mechanisms, are the most complex.
The necessity for proteins first is consistent with a Darwinian view requiring that which is to be selected to have arisen first 64 . The notion that nucleic acids arose first is a kind of molecular Lamarckianism, which indeed has a superficial logical appeal to it. The more Darwinian point of view is perhaps better understood when we recognize that the building of models in the laboratory, a kind of constructionism, is in the same direction as evolutionary processes themselves 1 • When one pursues the reductionist approach of studying functions of the contemporary cell by dismanHing the cell, one can easily develop the impression that the nucleic acids had primacy 65 . This approach to understanding the origin of life, or the origin of the first cell, presents an insuperable difficulty in that, as the system is destroyed, the total association of functions is destroyed. Since the destruction, as carried out in expcriments at the present time, is not done in a stepwise fashion, no information is provided as to the order in which those individual functions appeared in the evolution of that contemporary unit. We infer, then, that we can obtain the desircd knowledge only through a model-building approach.
The total number offunctions that the constructionist experiments indicate were simultaneously introduced into the first cell was unanticipated. Some of these, such as motility and the ability to communicate, are open to classification as behaviour. As a consequence ofthis Observation we may now entertain the thought that at the moment molecules had evolvcd to cellular systems, behaviour had appeared in it" most primitive evolutionary form.
The theory which emerges emphasizes the role of water, in both absence and inclusion, each at appropriate stages. The remarkable rapidity with which appropriate copolyamino acid aggregates into a minimal cell and the near-ubiquitous nature of water suggest the past frequent occurrence of the sequence amino acids ~ protoprotein ~ minimal cell -4 (nucleic acidgoverned) contemporary cell.
A theory of the origin of the first cells is necessary to supplement and support a view of chemistry in evolution and systematics. The need for su<.:h a theory appears to be, moreover, the most signal single question of the natural mechanism of evolution, a point stressed by the geologist, Rutten, in his posthumously published book, The Origin of Life by Natural Causes 68 • 
MOLECULAR EVOLUTION TO CELLS
Darwin's Theory of the Origin of Specie's had to oppose at least six powerful ideas 69 ; the theory of the origin of life has had to contend with these and, in addition, others such as an emphasis, derived from reductionism, on the original primacy of nucleic acid. We can anticipate that ful1 awareness of any theory and of undcrlying evidence accumulated (by 1967 in this study) for the Iabaratory production of a primitive replicating cellular system 34 should req uire some time, as Pirie predicted in generat terms for his eobionts 30 . We may be most prudent to eschew attempts to evaluate experiments on the basis of standard, varied, and reductionistically-derived concepts of the living state; we may benefit instead by allowing the experiments themselves to construct a definition oflife, much as Pirie has proposed that experiments could redefine the problem. A satisfactory definition of life may well be an inevitable consequence of understanding the origin of life. The experiments have already made clear that we should not simply define life, but rather define it at various stages of its development, which occurred both vertically (simplicity --+ complexity) and laterally (variation).
In our view, the experiments performed have uniquely limited the possibilities for the interpretation of the results. Such Iimitation in thinking has, however, led to initially unexpected inferences, such as the primacy of a functional protoprotein molecule 70 . lt is this kind of interpretation, however, that appears to open the door to understanding reproduction, selection, and other biolbgical phenomena at the molecular and biological Ievels simultaneously. Selection at the molecular Ievel, according to this view, led into selection at the cellular or systemic leveF 1 , simply because the first cells emerged from the first protobiomacromolecules. But we do not reduce biology to chemistry from the outside in; we Iet chemistry become biology from the inside out.
